Abstract. Sprite halos were recently identified as an impulsive but spatially diffuse phenomenon that sometimes occurs just prior to, but distinct from, sprites. The lack of discernible spatial structure and the temporal development sequence in halos differs markedly from the highly structured bodies and tendrils and the complex development sequences of sprites. However, both phenomena are thought to result from an electric field due to charge moment changes usually associated with large positive cloud-to-ground (CG) lightning but also following negative CG flashes. Three-dimensional triangulations of sprites and sprite halos were made between stations in South Dakota and Wyoming in August 1999 during the NASA Sprites99 balloon campaign. Halos were found to have a Gaussian 1/e diameter of-66 km and 1/e thickness of -4 km. Comparison with the location of the underlying lightning strokes, as recorded by the National Lightning Detection Network (NLDN), confirms that the horizontal position of sprites may be laterally offset by as much as 50 km from the underlying parent lightning discharge, as has been previously reported. The point of maximum apparent brightness for sprite halos occurs at an altitude of-78 km, similar to that of sprites. However, unlike sprites, this point tends to be centered directly above the underlying parent lightning discharge, 4.6 + 2.7 km mean distance from the center of the halo to the NLDN location. This difference in spatial location relative to the underlying lightning suggests that the electrical breakdown associated with discrete sprites may require a random ionizing event such as a micrometeor. In contrast, sprite halos do not appear to require such a random component.
Observatory (WIRO) and Yucca Ridge ]. Elves are thought to be a result of the heating by the electromagnetic pulse (EMPI from a CG lightning discharge. Sprite halos are a distinctive type of transient, diffuse optical emission associated with lightning discharges that bear a casual resemblance to elves but upon close examination are revealed to be a separate, loweraltitude phenomenon from elves. Sprite halos were initially thought to be elves by most observers using normal frame rate, low light level TV systems until Barrington-Leigh et al. [1999b, 2001] presented evidence from a high-speed imager and a photometer array that true elves are observed at a higher altitude (-100 km), with a much larger diameter (-300 km) and shorter duration (< I ms) than sprite halos. Sprite halos may occur with or without a following sprite. Barrington-Leigh et al. [2001] attribute this fact to the time-scale of the CG discharge: "a lightning discharge with a fast (<1 ms) charge moment change may be sufficient to cause diffuse emissions at higher altitudes where the threshold for ionization and optical emissions are, but if lightning currents do not continue to flow, there may not be sufficient electric field to initiate streamers below -75 km".We have many examples of sprites without an apparent sprite halo, but some of these may be due to the signal to background light level. Heavner [2000] , shows a spectrum of a sprite halo from 550 to 830 nm, which is similar to spectra of sprites. This suggests that a common mechanism for excited molecular nitrogen optical emissions is involved in producing both sprites and sprite halos. Theoretical models by Pasko et al. [1995; ] show that the electric field responsible for the quasi-electrostatic heating, ionization, and optical emissions of sprites is caused by the charge moment changes associated with the movement of large thundercloud charges during +CG or -CG discharges. These models predict a diffuse region near the top of sprites, which can now be identified with the observations and triangulation of halos reported in this paper.
Sentman et al. [1995] showed that sprites are loosely correlated with +CG occurrences in the decaying portion of a thunderstorm, and Boccippio et al. [1995] demonstrated with more examples that sprites are associated, within a few milliseconds, with +CG flashes. Barrington-Leigh and Inan [1999] showed that elves may be caused by both positive and negative cloud-to-ground (-CG) strokes. More recently, Barrington-Leigh et al. [ 1999a] have shown that both sprites and elves may also be occasionally produced by -CG flashes.
Estimates of sprite, elve and sprite halo locations and altitudes can be obtained by assuming that the form is directly over the National Lightning Detection Network (NLDN) [Cummins et al., 1998 ] positive or negative CG flash position. However, actual triangulations have shown that sprite structures may occur as much as 50 km horizontally from the underlying CG position [Destochefs et al., 1995; Wescott et al., 1998 ]. Lyons [1996] confirmed these results using seven triangulated positions with an average displacement of 42 km from the NLDN locations in a storm on September 7, 1994. He also used one-station estimates of 36 other sprite locations and found an average displacement of 35 km of the sprite groups from the NLDN +CG flash. The onestation approximation is probably a valid means of showing large displacements of the sprites from the CG NLDN lightning. However, the average altitude of 78 km reported for these 36 examples is suspect, as the altitudes were not computed using the star background, assumed that the point below the sprite on the horizon was at zero elevation angle (i.e., neglecting that the Earth is round) and is some 10 km lower than triangulated positions reported by Sentman et al. [ 1995] .
In ',his paper we present three-dimensional triangulations of sprites and sprite halos from the 1999 observations. From these results we speculate that a trigger such as a micrometeor is needed to produce discrete sprites, but not sprite halos.
Triangulation Technique
Accurate geographic positions (latitude, longitude, and altitude) of identifiable features in the TV images are derived by triangulation using views from two or more stations. The triangulation is performed using computer routines developed originally at the University of Alaska for the analysis of image data acquired as part of our auroral and chemical release research The match with the star catalog to video star fields obviously can never be better than one pixel. The computer programs for fitting stars to the video images have an option to read out the pixel value by moving a cursor. This feature can also be used to test the fitted star position with the maximum star intensity to one pixel, and the fit can be adjusted if necessary. The best fit is when many stars are in the region of interest near the center of the frame, down to eighth or ninth magnitude. Then the faint stars are only one or two pixels in size. It may be worse than one pixel in several situations: (1) when seeing conditions are poor and there are only a few stars which can be used, (2) when very bright stars are near the area of interest, as they may spread out over many pixels, and one has to judge the center of the star by eye (As mentioned above, the star center can be found with the cursor to find the maximum brightness where the very best accuracy is needed.), and (3) when the object of interest is near the edge of the frame, where the lens distortion is greatest and there may not be many stars. 
Spectrum of Sprite Halos
During a short 1995 campaign on Mt. Evans, Colorado, the first spectra of sprites were recorded and identified as N21P . It is now recognized that a spectrum of a sprite halo was also obtained. The halo, well resolved on the TV field, preceded a group of sprites, and similarly, the spectrograph recorded wide horizontal emissions, which were dim compared to the narrow emissions that correspond to the sprites. The halo spectrum observation is 17 ms integrated. However, the halo itself is of only a few milliseconds duration, and no sprite is observed to emit in the same video field, so the integration time is not affecting the observed neutral to ionized emission ratio. Armstrong et al. 
